Unmethylated CpG dinucleotides in particular base contexts (CpG-S motifs) are relatively common in bacterial DNA but are rare in vertebrate DNA. B cells and monocytes have the ability to detect such CpG-S motifs that trigger innate immune defenses with production of Th1-like cytokines. Despite comparable levels of unmethylated CpG dinucleotides, DNA from serotype 12 adenovirus is immunestimulatory, but serotype 2 is nonstimulatory and can even inhibit activation by bacterial DNA. In type 12 genomes, the distribution of CpG-f lanking bases is similar to that predicted by chance. However, in type 2 adenoviral DNA the immune stimulatory CpG-S motifs are outnumbered by a 15-to 30-fold excess of CpG dinucleotides in clusters of direct repeats or with a C on the 5 side or a G on the 3 side. Synthetic oligodeoxynucleotides containing these putative neutralizing (CpG-N) motifs block immune activation by CpG-S motifs in vitro and in vivo. Eliminating 52 of the 134 CpG-N motifs present in a DNA vaccine markedly enhanced its Th1-like function in vivo, which was increased further by the addition of CpG-S motifs. Thus, depending on the CpG motif, prokaryotic DNA can be either immune-stimulatory or neutralizing. These results have important implications for understanding microbial pathogenesis and molecular evolution and for the clinical development of DNA vaccines and gene therapy vectors.
The genomic DNAs of bacteria and vertebrates differ in the frequency and methylation of CpG dinucleotides, which are relatively common in bacterial DNA (approximately 1͞16 bases), but are underrepresented (''CpG suppression''; 1͞50-1͞60 bases) and methylated in vertebrate DNA (1). Bacterial DNA or synthetic oligodeoxynucleotides (ODN) containing unmethylated CpG dinucleotides in particular base contexts induce B cell proliferation, interleukin (IL)-6 and Ig secretion, and apoptosis resistance (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 16) . These immunostimulatory CpGs typically are preceded on the 5Ј side by an ApA, GpA, or GpT dinucleotide and followed on the 3Ј side by two pyrimidines, especially TpT (CpG-S motif) (11) . Monocytes are directly activated by CpG-S motifs to secrete the Th1-like cytokine IL-12 and type I interferons (IFN), and natural killer (NK) cells respond with increased lytic activity and IFN-␥ secretion, enhancing protective immune responses (4, 5, 7, 8, 13, 14) . Methylated bacterial DNA or ODN in which the cytosines of CpG have been converted to 5-methyl-cytosine (the form present in vertebrate DNA) fails to induce immune activation (2) . The stimulatory effects of CpG-S motifs appear to be mediated at least in part by the activation of NF-B (8, 12, 15, 55) . Thus, this simple structural difference in the frequency of CpG-S motifs between vertebrate and prokaryotic genomic DNAs appears to function as a ''danger signal'' to trigger innate immune defenses against infection and initiate a specific immune response (reviewed in ref. 17) . Indeed, ODN containing CpG-S motifs can be mixed with antigens to promote strong Th1-like immune responses (18) (19) (20) (21) (22) (23) . Recent studies have suggested that effective DNA vaccines require CpG-S motifs within the plasmid backbone (24, 25) .
Nearly all DNA viruses and retroviruses appear to have evolved to avoid this defense mechanism through reducing their genomic content of CpG dinucleotides by 50-94% from that expected based on random base usage (26) . CpG suppression is absent from bacteriophage, indicating that it is not an inevitable result of having a small genome (26) . Statistical analysis indicates that the CpG suppression in lentiviruses is an evolutionary adaptation to replication in a eukaryotic host (27) . Adenoviruses, however, are an exception to this rule as they have the expected level of genomic CpG dinucleotides (26) . Different groups of adenovirae can have quite different clinical characteristics. Serotype 2 and 5 adenoviruses (subgenus C) are endemic causes of upper respiratory infections and are notable for their ability to establish persistent infections in lymphocytes (28) . These adenoviral serotypes are modified frequently by deletion of early genes for use in gene therapy applications, where a major clinical problem has been the frequent inflammatory immune responses to the viral particles. Serotype 12 adenovirus (subgenus A) does not establish latency, but can be oncogenic. Since viruses have evolved a broad range of sophisticated strategies for avoiding or coopting host immune defenses, we investigated the immune effects of the DNA from these adenoviral serotypes.
(not shown). Highly purified type 2, 5, and 12 adenoviral DNA was prepared from viral preparations by using standard techniques and processed in the same manner as the E. coli DNA. Plasmids for DNA vaccination were purified by using two rounds of passage over Endo-free columns (Qiagen).
Cell Cultures and ELISA Assays for Cytokines. ELISA assays were performed by using standard techniques and commercially available reagents as described previously (3, 11, 29) . Standard deviations of the triplicate wells were Ͻ10%.
Construction of Optimized DNA Vectors. The starting material was pUK21-A2, an expression vector containing the immediate early promoter of human cytomegalovirus (CMV IE), the bovine growth hormone (BGH) polyadenylation signal, and the kanamycin resistance gene (T.W. and H.D., unpublished data). To avoid disrupting the plasmid origin of replication, mutagenesis designed to eliminate CpG-N motifs was restricted to the kanamycin resistance gene and nonessential DNA sequences after the gene. A total of 22 point mutations were introduced to alter 15 CpG-N motifs (a ''motif'' refers to a hexamer containing one or more CpG dinucleotides) containing 19 CpG dinucleotides, 12 of which were eliminated and 7 of which were transformed into CpG-S motifs. Site-directed mutagenesis was performed by overlapextension PCR as described by Ge and coworkers (30). The 1.3-kb AlwNI-EcoO109 I fragment of pUK21-A2, which contained all 22 nt to be mutated, was used as the template for PCR. The 1.3-kb fragment was regenerated by four rounds of overlap-extension PCR by using appropriate mutagenic primers and substituted for the original AlwNI-EcoO109 I fragment, resulting in pUK21-B2. All the mutations were confirmed by sequencing.
Another 37 CpG-N motifs were removed by replacing the F1 origin with a multiple cloning site. Oligonucleotides 5Ј-GCC-CTATTTTAAATTCGAAAGTACTGGACCTGTTAAC-A-3Ј and its complementary strand 5Ј-CGTGTTAACAGG-TCCAGTACTTTCGAATTTAAAATAG-3Ј were synthesized, and 5Ј-phosphorylated. Annealing of these two phosphorylated ODN resulted in a 35-bp double-stranded DNA fragment containing four unique restriction enzyme sites (DraI, ScaI, AvaII, HpaI) and two sticky ends. Replacing the 0.6-kb NarI-EcoO109 I fragment of pUK21-B2, which contained the entire F1 ori, with this double-stranded DNA fragment resulted in the master vector pMAS.
Next, different numbers of CpG-S motifs were inserted into the vector by allowing self-ligation of a 20-bp DNA fragment with the sequence 5Ј-GACTCCATGACGTTCCTGACGTT-TCCATGACGTTCCTGACGTTG-3Ј with a complementary strand and inserting different numbers of copies into the AvaII site of pMAS. Recombinant clones were screened and the two vectors were chosen for further testing with 16 and 50 CpG-S motifs, and named pMCG16 and pMCG50, respectively.
To create a DNA vaccine, the S gene encoding ay subtype of hepatitis B surface antigen (HBsAg) was amplified by PCR and cloned into the EcoRV-PstI sites of the vectors, resulting in pUK-S, pMAS-S, pMCG16-S, and pMCG50-S, respectively. Vector sequences were confirmed by sequencing and have been deposited in GenBank under accession numbers AFO53406 (pUK-S), AFO53407 (pMAS-S), AFO53408 (pMCG16-S), and AFO53409 (pMCG50-S).
Immunization of Mice Against HBsAg. Immunization of 6-to 8-week-old female BALB͞c mice (Charles River Breeding Laboratories) was done by injection into the tibialis anterior muscle (TA) of 1 g recombinant HBsAg or 10 g HBsAgexpressing DNA vaccine (31) . Assay for antibodies against HBsAg (anti-HBs) was by endpoint dilution and for cytotoxic T lymphocytes (CTL) was by chromium release assay as described previously (19) . Both the protein (ϮODN) and DNA vaccines were resuspended in saline for injection.
RESULTS
Type 12 Adenoviral DNA Is Immune-Stimulatory, but Types 2 and 5 Adenoviral DNA Are Immune-Neutralizing. To investigate possible functional differences in the immune effects of various prokaryotic DNAs, we determined their ability to induce cytokine secretion from human peripheral blood mononuclear cells (PBMC). In contrast to bacterial DNA and genomic DNA from type 12 adenovirus, DNA from types 2 and 5 adenovirus failed to induce cytokine production (Table  1 ). In fact, despite their similar frequency of CpG dinucleotides, type 2 or 5 adenoviral DNA severely reduced the cytokine expression induced by coadministered immunostimulatory E. coli genomic DNA ( Table 2 ). This indicates that type 2 and 5 adenoviral DNA does not simply lack CpG-S motifs, but contains sequences that actively suppress those in E. coli DNA.
Identification of Putative Immune Neutralizing CpG-N Motifs in Types 2 and 5 Adenoviral Genomes. To identify possible nonrandom skewing of the bases flanking the CpG dinucleotides in the various adenoviral genomes, we examined their frequency of all 4,096 hexamers. The six most common hexamers in the type 2 adenoviral genome are shown in Table  3 , along with their frequency in the type 12 and E. coli genomes. Remarkably, all of these overrepresented hexamers contain either direct repeats of CpG dinucleotides or CpGs that are preceded by a C and͞or followed by a G. These CpG-N motifs are approximately 3-to 6-fold more common in the immune inhibitory types 2 and 5 adenoviral genomes than in those of immune-stimulatory type 12 adenoviral, E. coli, or nonstimulatory human genomic DNAs (Table 3 ). This hexamer analysis further revealed that the frequency of hexamers containing CpG-S motifs (e.g., GACGTT or AACGTT) in the type 2 adenoviral genome is as low as that in the human genome: only 1͞3 to 1͞6 of that in E. coli and type 12 adenoviral DNA (Table 3) .
Effect of CpG-N Motifs on the Immune Stimulatory Effects of CpG-S Motifs.
To determine whether these overrepresented CpG-N motifs could explain the neutralizing properties of types 2 and 5 adenoviral DNA, we tested the in vitro immune effects of synthetic oligodeoxynucleotides bearing a CpG-S motif, one or more CpG-N motifs, or combinations of both. An ODN containing a single CpG-S motif induces spleen cell production of IL-6, IL-12, and IFN-␥ (ODN 1619, Table 4 ). However, when the 3Ј end of this ODN was modified by substituting either repeating CpG dinucleotides or a CpG dinucleotide preceded by a C, the level of cytokine production was reduced by approximately 50% (ODN 1952 and 1953, Table 4 ). ODN consisting exclusively of these neutralizing CpG (CpG-N) motifs induced little or no cytokine production (Table 5) . Indeed, addition of ODN containing one or more CpG-N motifs to spleen cells along with the CpG-S ODN 1619 caused a substantial decrease in the induction of IL-12 expression, indicating that the neutralizing effects can be exerted in trans (Table 5 ). PBMC were obtained from normal human donors and cultured at 1 ϫ 10 5 cells͞200 l in RPMI 1640 medium with 10% autologous serum for 4 hr (TNF-␣ assay) or 24 hr (IL-6 assay). The level of cytokine present in culture supernatants was determined by ELISA (pg͞ml). Adv, adenovirus serotype.
To determine whether the in vivo immune activation by ODN containing CpG-S motifs would be reversed by CpG-N motifs, we immunized mice with recombinant HBsAg, with or without nuclease-resistant phosphorothioate-modified ODN containing various types of CpG motifs. As expected, a CpG-S ODN promoted a high titer of antibodies against HBsAg (anti-HBs antibodies) that were predominantly of the IgG2a subclass, indicating a Th1-type immune response ( Fig. 1; ODN  1826 ). The various CpG-N ODN induced either little or no production of anti-HBs antibodies (ODN 1631, 1984, and 2010) (Fig. 1 ). Mice immunized with combinations of CpG-S and CpG-N ODN had a reduced level of anti-HBs antibodies compared with mice immunized with CpG-S ODN alone, but these were still predominantly IgG2a (Fig. 1) .
Enhanced DNA Vaccination by Deletion of Plasmid CpG-N Motifs. DNA vaccines can be highly effective inducers of Th1-like immune responses (32, 33) . Based on the in vivo and in vitro effects of CpG-N motifs, we hypothesized that their presence within a DNA vaccine would decrease its immunostimulatory effects. Our starting vector, pUK21-A2, contained 254 CpG dinucleotides, of which 134 were within CpG-N motifs. To test the hypothesis that these CpG-N motifs adversely affected the efficacy of this vector for DNA-based vaccination, the number of CpG-N motifs was reduced, either by mutation or deletion. Since mutations in the plasmid origin of replication interfere with replication of the plasmid, we restricted our initial mutations to the kanamycin resistance gene and a nonessential flanking region. We were able to eliminate 19 CpG dinucleotides contained within 15 of the 20 CpG-N motifs in these regions without changing the protein sequence. The F1 origin of replication containing 37 CpG-N motifs and only 17 other CpG dinucleotides then was deleted, creating the vector pMAS. This vector was modified further by the introduction of 16 or 50 CpG-S motifs, yielding vectors pMCG16 and pMCG50, respectively. The S gene for HBsAg then was cloned into these vectors downstream from the CMV promoter, to make pUK-S, pMAS-S, pMCG16-S, and pMCG50-S, respectively.
When tested for their ability to induce cytokine (IL-6 and IL-12) secretion from cultured spleen cells, we found that the pMAS-S, pMCG16-S, and pMCG50-S vectors had significantly enhanced immune stimulatory activity compared with pUK-S (not shown). When used as a DNA vaccine, the anti-HBs response at 4 and 6 weeks was substantially stronger with DNA vaccines from which CpG-N motifs had been deleted and even more so when 16 CpG-S motifs had been inserted. The vector with 50 CpG-S motifs, however, was less effective at inducing antibody production than that with 16 motifs (Fig. 2A) . Removal of CpG-N motifs and addition of CpG-S motifs resulted in a more than 3-fold increase in the proportion of IgG2a relative to IgG1 anti-HBs antibodies, indicating an enhanced Th-1 response. This accentuated Th1 response also was demonstrated by the striking progressive increases in CTL responses induced by vectors from which CpG-N motifs were deleted and͞or CpG-S motifs added (Fig. 2B) .
DISCUSSION
The discovery of immune-activating CpG-S motifs in bacterial DNA has led to the realization that aside from encoding genetic information, DNA can also function as a signaltransducing molecule. Our present results demonstrate that genomic DNA from type 12 adenovirus is immunestimulatory, compatible with its relatively high content of CpG-S motifs. In contrast, genomic DNA from types 2 and 5 adenoviruses is not stimulatory, but rather is immuneneutralizing and blocks the cytokine induction of bacterial DNA (Tables 1 and 2 ). To identify possible differences in the CpG motifs present in these different adenoviral genomes, we analyzed the genomic frequency of all hexamer sequences. This analysis demonstrated that only the types 2 and 5 adenoviral genomes had a dramatic overrepresentation of CpG motifs containing direct repeats of CpG dinucleotides and͞or CpGs preceded by a C and͞or followed by a G (Table 3) . Synthetic ODN containing such putative immune-neutralizing (CpG-N) motifs not only did not induce cytokine production in vitro, but also inhibited the ability of an immune-stimulatory CpG-S motif to induce cytokine expression (Tables 4 and 5 ). The second column represents the level of IFN-␥ production by ELISA (pg͞ml) from 24-hr supernatants of human PBMC cultured at 1 ϫ 10 5 cells͞200 l in RPMI 1640 medium with 10% autologous serum. Similar inhibitory effects were seen when using PBMC from several different donors and from murine spleen cells. *Type 2 adenoviral DNA had indistinguishable immune effects (not shown). The frequencies of hexamers in adenoviral and E. coli genomes were kindly provided by J. Han (University of Alabama, Birmingham), who also determined those for the human genome (54) . The hexamer frequencies in type 5 adenovirus are essentially identical to those in type 2 and therefore are not shown. The last two hexamers are CpG-S motifs shown for comparison and are the most stimulatory of all tested CpG-S motifs (11) . Note that the expected frequency of a randomly selected hexamer is 1͞4,096 ϭ 0.244 ϫ 10 Ϫ3 . These studies reveal that there are immune-neutralizing CpG-N as well as stimulatory CpG-S motifs and that there is a surprisingly complex role for the bases flanking CpG dinucleotides in determining these immune effects. In general, CpG-N motifs oppose CpG-S motifs in cis or trans. Some of the most effective CpG-N ODN are self-complementary and͞or G-rich, which may give them the capacity to form higher-ordered structures. Further studies are underway to determine the molecular mechanisms through which CpG-N and CpG-S motifs exert their respective immune effects. Remarkably, the hexamers that contain CpG-N motifs are from 15 to 30 times more common in types 2 and 5 adenoviral genomes than those that contain immune-stimulatory CpG-S motifs. However, in type 12 adenoviral genomes the frequencies of hexamers containing CpG-N and CpG-S motifs do not differ substantially from chance. These data suggest that the immune-neutralizing effects of types 2 and 5 adenoviral DNA are not merely a result of their propagation in eukaryotic cells, but rather are due to the overall excess of CpG-N compared with CpG-S motifs. It is tempting to speculate that the marked overrepresentation of CpG-N motifs in the genomes of types 2 and 5 adenovirus may contribute to the biologic properties, such as persistent infection of lymphocytes, which distinguish them from type 12 adenovirus. The presence of large numbers of CpG-N motifs within these adenoviral genomes may have played an important role in the evolution of this virus by enabling it to avoid triggering CpG-induced immune defenses. It will be interesting to determine the general distribution of CpG-N and CpG-S motifs in different families of microbial and viral genomes, and to explore their possible roles in disease pathogenesis.
CpG-N motifs also are overrepresented in the human genome, where their hexamers are approximately 2-to 5-fold more common than CpG-S motifs. While this skewing is far less marked than that in adenoviral DNA, it would still be expected to reduce or eliminate any immune-stimulatory effect from the unmethylated CpGs present in CpG islands within vertebrate DNA. We and others have found that even when predominantly or completely unmethylated, vertebrate DNA still is not immune-stimulatory (A.M.K. and P. Jones, shaded bars) , or pMCG50-S (darkly shaded bars) plasmid DNA bilaterally (50 l at 0.1 mg͞ml in saline) into the TA muscle as described (53) . (A) The anti-HBs antibody response at 6 weeks (detected as described in Methods). Bars represent the group means (n ϭ 5) for ELISA end-point dilution titers (performed in triplicate), and vertical lines represent the SEM. The numbers on the bars indicate the ratio of IgG2a͞IgG1 antibodies at 4 weeks, as determined in separate assays (also in triplicate) by using pooled plasma. (B) CTL activity in specifically restimulated (5 days) splenocytes taken from mice 8 weeks after DNA immunization. Bars represent the group means (n ϭ 3) for percentage of specific lysis (performed in triplicate) at an effector-to-target (E͞T) ratio of 10:1; dots represent the individual values. Nonspecific lytic activity determined with non-antigen-presenting target cells, which never exceeds 10%, has been subtracted from values with HBsAg-expressing target cells to obtain percentage of specific lysis values. unpublished data; ref. 34) , which is in keeping with its predominance of CpG-N motifs (Table 3) . Given the overall level of CpG suppression in the human genome, the molecular mechanisms responsible for the skewing of the frequency of CpG-N to CpG-S motifs are unclear. Such a distortion from the expected random patterns would seem to require the existence of pathways that preferentially mutate the flanking bases of CpG-S motifs in vertebrate genomes, but do not affect CpG-N motifs. Indeed, statistical analyses of vertebrate genomes have provided evidence that CpGs flanked by A or T (as in CpG-S motifs) mutate at a faster rate than CpGs flanked by C or G (35) .
Based on our in vitro experiments we hypothesized that the presence of CpG-N motifs in DNA vaccines interferes with the induction of the desired immune response. Indeed, the present study demonstrates that elimination of CpG-N motifs from a DNA vaccine leads to improved induction of antibodies. By removing 52 of the CpG-N motifs from a DNA vaccine (45 were deleted and 7 turned into CpG-S motifs) the serologic response was more than doubled; by then adding an additional 16 CpG-S motifs, the response was enhanced nearly 10-fold (Fig. 2 A) . Likewise, CTL responses were improved by removing CpG-N motifs and even more so by adding 16 or 50 CpG-S motifs (Fig. 2B ). These increased responses are especially notable in view of the fact that the total number of CpG dinucleotides in the mutated vaccines is considerably below the original number.
The finding that the vector with 50 CpG-S motifs was inferior to that with 16 motifs for induction of humoral immunity was unexpected and may be secondary to CpGinduced production of type I interferons and subsequent reduction in the amount of antigen expressed. The decreased antibody response induced by pMCG50-S seems unlikely to be explained by vector instability since this vector gave the best CTL responses (Fig. 2B) . Although the pMCG50-S vector was slightly larger than pMCG16-S, the 10-g dose still contained 93% as many plasmid copies as it did pMCG16-S, so lower copy number is unlikely to account for the reduced antibody levels. The current generation of DNA vaccines are quite effective in mice, but much less effective in primates (36) (37) (38) (39) (40) (41) (42) . Our present results suggest that attaining the full clinical potential of DNA vaccines may require using engineered vectors in which CpG-N motifs have been deleted and CpG-S motifs have been added.
On the other hand, the field of gene therapy may benefit from the discovery of CpG-N motifs through their insertion into gene transfer vectors to prevent or reduce the induction of host immune responses. Most of the CpG-N motifs in the adenoviral genome are in the left-hand (5Ј) side, which generally is partially or totally deleted for the preparation of gene therapy vectors, especially with the ''gutless'' vectors (43) . This could lead to an enhanced CpG-S effect. Since nucleic acids produced in viral vectors are unmethylated, they may produce inflammatory effects if they contain a relative excess of CpG-S over CpG-N motifs and are delivered at an effective concentration (about 1 g͞ml). Gene therapy studies with adenoviral vectors have used doses up to 10 10 infectious units (IU)͞ml (which contains 0.4 g of DNA͞ml based on the genome size of 36 kb). Given that approximately 99% of adenoviral particles are noninfectious, this corresponds to a DNA dose of approximately 40 g͞ml, which is well within the range at which CpG DNA causes in vivo immune-stimulatory effects; just 10 g͞mouse induces IFN-␥ production (5), acts as an adjuvant for immunization (19, (20) (21) (22) (23) , and causes acute pulmonary inflammation when delivered into mouse airways (44) . Multiple mechanisms besides the presence of CpG-S DNA doubtless are responsible for the inflammatory responses that have limited the therapeutic development of adenoviral vectors (45, 46) . Nonetheless, our present results suggest that consideration be given to the maintenance or insertion of CpG-N motifs in adenoviral vectors and to the engineering of inserts so that CpG-S motifs are mutated to reduce immune activation.
In recent years, it has become clear that effective gene expression need not require a viral delivery system. The use of plasmids for gene delivery (with or without lipids or other formulations) avoids some of the problems of viral vectors. On the other hand, much larger doses of DNA typically are required, since delivery is far less efficient than with a targeted system such as a virus. For example, effective gene expression in mice typically may require 500-1,000 g DNA͞mouse (47, 48) . A recent human clinical trial using lipid͞DNA complexes and naked DNA for delivery of cystic fibrosis transmembrane conductance regulator to the nasal epithelium of patients with cystic fibrosis used doses of 1.25 mg of plasmid͞nostril (49) . The successful application of naked DNA expression vectors for gene therapy will depend on the safety of repeatedly delivering high doses of DNA. Since the plasmids used for gene therapy typically contain several hundred unmethylated CpG dinucleotides, many of which are in CpG-S motifs, some immune activation may be expected to occur. Indeed, mice given repeated doses of just 10 g of plasmid DNA daily develop elevated lymphocyte levels (50) , and several humans who received intranasal plasmid DNA had elevated serum IL-6 levels (47). Furthermore, delivery of 4 mg of a gene therapy plasmid to cystic fibrosis patients in a recent clinical trial caused acute onset of symptoms compatible with immune activation, including fever, chills, and pulmonary congestion (J. Zabner, personal communication). Another reason to avoid the presence of CpG-S motifs in gene therapy vectors is that the cytokines that are produced because of the immune stimulation may reduce plasmid vector expression, especially when this is driven by viral promoters (32) .
It is, therefore, highly desirable to develop improved gene delivery systems with reduced immune activation. It is not possible to simply methylate the CpG-S dinucleotides in gene therapy plasmids, since methylation of promoters abolishes or severely reduces their activity (29, 49) . The only promoter resistant to methylation-induced silencing is the mouse mammary tumor virus promoter, which contains no essential CpGs, but is fairly weak (51) . In any case, even when the promoter is unmethylated, expression is still greatly reduced if the coding sequences are methylated (50) . In fact, even the strong CMV IE promoter is inactivated completely by CpG methylation (51) . Deletion of all CpGs from an expression plasmid is not feasible since many of these are located in the origin of replication (approximately 1.2 kb long), where even single base changes can dramatically reduce plasmid replication. For these reasons, we propose that the addition of CpG-N motifs and͞or mutation or conversion of CpG-S to CpG-N motifs may lead to the generation of less immune-stimulatory vectors for gene therapy. Studies to investigate this possibility are underway.
